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Abstract 

We discuss several new observations of mesons with 
open charm. In particular, we consider Dsj{2317) and 
Dsj{2A60) and compare their isospin violating decays into 
Ds IT to the radiative decays analysed using light-cone 
QCD sum rules. The results support the interpretation of 
these two mesons as ordinary cs states. 

In the case of Z?s,/(2860) and Ds,7(2710) we compute 
the strong decays in the heavy quark limit. Comparison 
of the results with recent measurements of the BaBar Col- 
laboration leads to identify DgjillXQ) with the first radial 
excitation of £)*, while the identification is still uncertain 
in the case of £)sj(2860). 

Introduction 

Starting from 2003, charm spectroscopy has entered a 
new era, due to a series of intriguing observations both in 
the open and in the hidden charm sectors [IJ. Some of 
the newly observed states can be easily classified within 
the quark model scheme, some others still wait for a 
proper identification. Here we focus on mesons with 
charm and strangeness, in particular on the narrow states 
£)sj(2317) and L>^j(2460), observed in 2003, and on the 
states Dsj(2860) and Dsj{27l{)), discovered in 2006 and 
in 2007, respectively. As a preliminary step, we introduce a 
suitable classification of mesons with a single heavy quark 
which can be derived in the infinite heavy quark mass limit, 
exploiting the symmetries of QCD in such a Umit. 

Hadrons with a Single Heavy Quark 

In the infinite heavy quark mass limit, ttiq oo, 
the QCD Lagrangian is invariant under heavy quark spin 
and flavour rotations, and an effective theory can be built, 
known as Heavy Quark Effective Theory (HQET) fS\. 

Let us consider hadrons with a single heavy quark Q. 
When niQ oo, Q acts as a static colour source for the 
light degrees of freedom (Idf) of the hadron. In the case of 
mesons, considered here, Zt/f consist of the light antiquark 
q and gluons. In particular, the heavy quark spin sq is no 
more coupled to the Idf total angular momentum sg, given 
by se = Sq + I, where Sq is the light antiquark spin and 
£ its orbital angular momentum with respect to Q. There- 
fore, a heavy hadron can be labelled not only according to 
its total spin J = sg + si, but also to the value of sg. An 
important consequence is that states which differ only for 
the orientation of sq with respect to S£ are expected to be 
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degenerate, and this allows to collect heavy mesons in dou- 
blets, the members of which have the same value of sg and 
correspond to the two possible orientations of sq with re- 
spect to Sg. Finite heavy quark mass corrections remove 
the degeneracy between the members of a doublet and in- 
duce a mixing between states with the same spin-parity 
belonging to different doublets. 

Let us consider the lowest doublets that can be built ac- 
cording to this classification. For t ~Q one has a doublet of 
states (P, P*) with jf^ — (0^, l^)i/2 (we refer to this as 
to the /Mnc/flwentaZ doublet), while two doublets correspond 
to £ - 1: (Po*,Pi') with JP = (0+, l+)i/2 and (Pi,P2*) 
with ~ (l+,2+)3/2- For the purposes of this paper, 
we need to introduce also the two doublets corresponding 
to£ = 2: jP = (l-,2-)3/2 and = (2-,3-)5/2. 
For each doublet, one can consider a tower of states cor- 
responding to the radial excitations. 

In the heavy quark limit one can predict whether these 
states are narrow or broad. For example, strong decays 
of the states belonging to the jf^ = (l+,2+)3/2 doublet 
to the fundamental doublet with the emission of a light 
pseudoscalar meson occur in d-wave. Since the rate for 
this process is proportional to (in general, to 
p being the light pseudoscalar momentum and / the angu- 
lar momentum transferred in the decay), these states are 
expected to be narrow. On the contrary, states belonging to 
the Jj^ — (0+,l+)i/2 doublet decay in s-wave, hence they 
should be broad. 

Experimental data collected up to 2003 show that heavy 
mesons fit very well in this scheme, as can be argued look- 
ing at the experimental values of masses and widths: the 
degeneracy condition is better fulfilled by beauty mesons 
than by charmed ones, as should be, the b quark being ap- 
proximately three times heavier than charm. As for the 
widths, in Table [T] we collect masses and widths of the cu 
states identified as the members of the = {0~^, l~'')i/2 
and jP — (l+,2+)3/2 doublets f3l. From this table one 
can see that the members of the — (1+, 2^)3/2 dou- 
blet are indeed narrow, while the widths of the analogous 
states belonging to the Jj^ (G+, l+)i/2 doubletaremuch 
broader 

In the case of mesons with charm and strangeness, 
known states are those composing the fundamental doublet: 
P>s(1968) and P)*(2112) and the two mesons which can 
be assigned to the = (1+, 2+)3/2 doublet: Dsi(2536), 
whose width is < 2.3 MeV, and £'*2(2573) with measured 
width: r(P>*2) = 20 ± 5 MeV L3J. In the foUowing, we 
analyse the other mesons with charm and strangeness re- 
cently observed. 



Table 1: Masses and widths of cu states belonging to the — (O"*", l~'')i/2 and J^f^ = (1+, 2+)3/2 doublets. 







state 


M (MeV) 


r (MeV) 


1 + 


0+ 


Dn 


2400 


283 ± 24 ± 84 


2 


1+ 


D[ 


2430 


384 ±74 


3 + 


1+ 


Di 


2420 


20.4± 1.7 


2 


2+ 


D*2 


2460 


43 ±4 



£>,j(2317) andD,j(2460) 

In April 2003 the BaBar Collaboration reported the ob- 
servation of a narrow peak in the Dsir'^ invariant mass dis- 
tribution with mass close to 2.32 GeV and width consis- 
tent with the experimental resolution |4|. The resonance, 
named IJ^j (2317), was observed in both the 07r+ and 
K decay modes of Dj. The peak was also found by 
reconstructing Ds through Dg A' +/\ ^tt+tt". No evi- 
dence for Z?sj(2317) -Ds7, Z)*7 and Ds^j was found. 
The observation was confirmed by Belle Q, CLEO |6l 
and Focus Collaboration |7|. 

The decay D,,,7(2317) -> D^tt" implies for ZJ^j (2317) 
natural spin-parity. The helicity angle distribution of D^Tr'^ 
obtained by BaBar is consistent with the spin assignment, 
even though it does not rule out other possibilities; the ab- 
sence of a peak in the Dgj final state supports the spin- 
parity assignment = 0+. The measured mass is below 
the DK threshold M^+ko = 2.36 GeV. 

Together with the D^j (2317), CLEO Collaboration re- 
ported the observation of a narrow resonance, Dsj(2460), 
in the D*tt'^ system |6|, with mass close to 2.46 GeV and 
width consistent with the experimental resolution. Later 
on, also radiative decays of Z^sj (2460) have been detected, 
with measured branching fractions: i3i?(£'s,/ (2460) — > 
Ds-f) = (18 ± 4)10-2 and Bi?(i:i,,7(2460) 
Dsj(2317)7) = {^■7±li) 10-2 , while the upper limit 
BR{Ds J (2460) -> £1*7) < 8% H was put. Angu- 
lar analyses suggest the assignment J = 1. The mass of 
Dsj{2460) is below the D*K threshold Mw+k" = 2.51 
GeV. 

Being two states with = (0+, 1+) their natural inter- 
pretation would be as the components of the doublet with 
~ i^. However, this interpretation raises several ques- 
tions. The first one stems from the comparison with po- 
tential model predictions of the masses, which correspond 
to larger values, above the threshold allowing isospin con- 
serving decays (DK and D*K in the two cases). The sec- 
ond one is that the members of the — doublet are ex- 
pected to be broad, while the observed mesons are narrow. 
Many interpretations have been provided since the original 
discovery of these states jT] . However there are arguments 
to support the interpretation of Z^sj (2317) and Dgj {2460) 
as ordinary cs states, their narrowness being due to the low 
mass forbidding isospin conserving decays. 

An example of such arguments is based on the analysis 



of radiative transitions, that probe the structure of hadrons 
|[8l,l9l. Identifying Li,j(2317) with D*„ and D,j(2460) 
with D'gj^, the decay amplitudes governing the Z?*q — > Z?*7 
and D'^^ -Di*^7, -D*o7 transitions: 

{-f{q,X)D:{p,X')\D:,{p + q)) 

{^{q,X)DM\D'AP + Q,>^")) 

= egi [(e* • T]){p ■ q) - (e* ■ p){i^ ■ q)\ (1) 

{^{q,\)Dl{p,\')\D'^,{p + q^\")) 
= ieg2£al3aT'n Tj ^ E q 

{^{q,X)D:,{p)\Di,ip + q,X")) 

*Q: B (T T 

involve the the hadronic parameters d, gi , 32 and 53 (e(A) is 
the photon polarization vector and fi{X'), ri{X") the D* and 
D'^^ polarization vectors). Such parameters can be com- 
puted by light-cone sum rules ifTOl . Considering the corre- 
lation functions ITTl [121 

Fip,q)^z J d4xe^f--(7(9,A)|r[4(x)JB(0)]|0) (2) 

of quark-antiquark currents Ja.b having the same quan- 
tum number of the decaying and of the produced charmed 
mesons, and an external photon state of momentum q and 
helicity A, and expanding on the light-cone, it is possible 
to express F in terms of the perturbative photon coupling 
to the strange and charm quarks, together with the contri- 
butions of the photon emission from the soft s quark, ex- 
pressed as photon matrix elements of increasing twist ifTSl . 
see figlU . The hadronic representation of the correlation 
function involves the contribution of the lowest-lying res- 
onances, the current-vacuum matrix elements of which are 
computed by the same method |14|, and a continuum of 
states treated invoking global quark-hadron duality. The 
final step of the method consists in applying to both the 
representations of the correlation function a Borel transfor- 
mation, which improves in several respects the sum rule 
while introducing an external parameter M^. The hadronic 
quantities should be independent of it, so that the final re- 
sults are found requiring stability against variations of 

(fig.EJ. 
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Figure 2: Light-cone sum rule results for the hadronic parameters governing radiative decays of Dgj (2460) and 
Dsj{2317); is the Borel parameter. 



Table 2: Radiative decay widths (in keV) of Dsj{2317) and Z3s,/(2460) obtained by Light-Cone sum rules (LCSR), 
Vector Meson Dominance (VMD) and constituent quark model (QM). 



Initial state 


Final state 


LCSR moil 


VMD |9| 


QM |8| 


QM |15| 


Dsj{2317) 




4-6 


0.85 


1.9 


1.74 


J (2460) 


Dsl 


19-29 


3.3 


6.2 


5.08 




Dll 


0.6-1.1 


1.5 


5.5 


4.66 




^.j(2317)7 


0.5-0.8 




0.012 


2.74 




(a) (b) 



Figure 1 : Leading contributions to the correlation functions 
eq. Q expanded on the light-cone: perturbative photon 
emission by the strange and charm quark ((a,b) in the first 
line) and two- and three-particle photon distribution ampli- 
tudes (second line); (c) corresponds to the strange quark 
condensate contiibution. 



In Table |2] the light-cone QCD sum rule results are col- 
lected together with the results of other methods |j9] [8] 
[Tsl . Looking at this Table one can see that the rate of 
Dsj(2460) — > Z3s7 is the largest one among the radia- 
tive I?s J (2460) rates, and this is confirmed by experiment 
|I3|. Quantitative understanding of the experimental data 



for both hadronic and radiative decays requires a precise 
knowledge of the widths of the isospin violating transitions 
£)*(, ^ DsT:" and D'^^ D*Tr". In the description of 
these transitions based on the mechanism of 77 — 7r° mix- 
ing lIHllSl the accurate determination of the strong Dlf^DgT] 
and D'giD*r] couplings for finite heavy quark mass and in- 
cluding SU{'i) corrections is required. These results sug- 
gest the identification of Dsj{2in) and Dsj{2A&Q) as 
the two members of the jf^ = (0+, 1^)1/2 doublet. To- 
gether with L»si(2536) and i:)*2(2573), these two states 
fill the four p-wave levels. In principle, the two = 1+ 
mesons Z?si(2536) and Z?sj(246G) could be a mixing of 
the = and = |^ states, allowed at ©(I/toq), 
an issue discussed in the last section. 

£)«j(2860) and D,j{2710) 

In 2006, BaBar observed another cs meson, j(2860), 
decaying to D'^K^ and D^Ks, with mass and width lfT6l : 

M{D, j{2860)) = 2856.6 ± 1.5 ±5.0 MeV 
r(i:>^j(2860)) = 47±7±10MeV. (3) 



Shortly after, analysing the D^K^ invariant mass distribu- 
tion in B+ D°D°K+ Belle Collaboration estabhshed 
the presence of a = 1^ resonance, Dsj{271Q), with 
El: 



MiD,j{2710)) 
r(i?,j(2710)) 



2708 ± 9t\l MeV 
108 ± 23t^^ MeV 



(4) 



To classify £'s,7(2860) and Dsj{2710), one can anal- 
yse the strong decays, comparing the predictions which 
follow from different quantum number assignments. This 
can be done using an effective Lagrangian approach which 
exploits the symmetries that Quantum Chromodynamics 
(QCD) exhibits in specific limits. One is chiral SU (Nf) l x 
SU{Nf)ji symmetry holding in the limit of Nf mass- 
less quarks. This symmetry is spontaneously broken to 
SU{Nf)v and light pseudoscalar mesons are identified as 
Goldstone bosons acquiring mass when explicit symmetry 
breaking mass terms are considered. An effective theory, 
chiral perturbation theory, can be built as an expansion in 
the light quark masses and momenta 1 18^. The other one is 
the heavy quark spin-flavour symmetry for mg oo. 

Interactions of heavy mesons with light ones can be de- 
scribed by an effective Lagrangian displaying both heavy 
quark and chiral symmetry. The Lagrangian was first for- 
mulated in the case of light pseudoscalars |fT9]| . and ex- 
tended to include light vector mesons \2U\. 

In the heavy quark limit, the doublets defined in the pre- 
vious Sections are described by effective fields: Ha for 
sf ^ i {a = u,d, s is a light flavour index), Sa and 



Ta for sf 
for sf = 



1 + 



2 

and sf 



and si 



, respectively; Xa and X'^ 



, respectively: 



rpfl 



X^ = 



xir = 




(5) 



2a l5lu 



* a/3 



75 



with the various operators annihilating mesons of four- 
velocity V (conserved in strong interactions) and containing 



a factor • 

Ltd. 



M 



Light pseudoscalars are introduced using 



with: 



2^ + 



TT 



2" ' vl^l 



K+ 



if-rr ~ 132 MeV). At the leading order in the heavy quark 
mass and light meson momentum expansion the decays 
F HM {F = H, S, T, X, X' and M a light pseu- 
doscalar meson) can be described by the Lagrangian inter- 
action terms (invariant under chiral and heavy-quark spin- 
flavour transformations) | 



(6) 



Cs = hTr[HaSb-fi_i-f}sA'ia\ + ^ 

Cx = ^Tr[HaX^{iD^J{+iPAt,)bal^] + h.c. 
Cx' = -^Tr[HaXl^''[k^{D^,D,}Ax 

where D^^ba = Sbadf, + \ {£}df,i + £.9^,5,^)^^^, Af^ba = 
f ^ ^^M^^jfea' ^x '■^^ chiral symmetry-breaking 

scale; we use = 1 GeV. Cs and Ct describe transitions 
of positive parity heavy mesons with the emission of hght 
pseudoscalar mesons in s— and d~ wave, respectively, g, h 
and h' representing effective coupling constants. On the 
other hand, Cx and Cx' describe the transitions of higher 
mass mesons of negative parity with the emission of light 
pseudoscalar mesons in p— and /— wave with coupling 
constants k' , ki and /c2- We only consider these terms: the 
light meson momenta involved in the Z?sj (2860) decays 
are qk = 0.59 GeV for D*K final state and qk — 0.7 
GeV for DK final state, so it is possible that other terms 
in the light-meson momentum expansion, involving other 
structures and couplings, should be taken into account in 
the interaction Lagrangian. At present these terms are un- 
known. 

At the same order in the expansion in the hght meson 
momentum, the structure of the Lagrangian terms for radial 
excitations of the H, S and T doublets does not change, 
since it is only dictated by the spin-flavour and chiral sym- 
metries, but the coupling constants g, h and h' have to be 
substituted by g, h and h'. The advantage of this formula- 
tion is that meson transitions into final states obtained by 
SU (3) and heavy quark spin rotations can be related in a 
straightforward way. 

Let us start with Z?sj(2860). A new cs meson decaying 
to DK can be either the = 1^ state of the sf = | 

doublet, or the ~ 3^ state of the sf = | one, in 
both cases with lowest radial quantum number. Otherwise 
Dsj (2860) could be a radial excitation of already observed 
cs mesons: the first radial excitation of D* (J^ = 1~ 



Table 3: Predicted ratios Ri and R2 (see text for defini- 
tions) for the various assignment of quantum numbers to 
£)^j(2860) and Z)sj(2710). 



Dsj{2860) 


i?i 


R2 


sP = i", jP = l-,n^2 
4 = 5^' = 0+,n^2 
sf = 1 , = 2+, n = 2 
sP = l-,jP = l-,n = \ 
sP = |", jP = 3-,7i = l 


1.23 


0.63 
0.06 
0.39 


0.27 
0.34 
0.19 
0.23 
0.13 




Ri 


R2 


sP = l-,jP = l-,n^2 


0.91 


0.20 




0.043 


0.163 



sf = i ) or of i:>,.7(2317) (.1^ = 0+ sf = i^) or of 

D:2(2573)(J^ = 2+ sf = 

As for I?sj(2710), two possibilities can be considered, 
since the spin is known: 



• 1357(2710) belongs to the = i doublet and is the 
first radial excitation (U*'); 



I3sj(2710) is the low lying state with sj 



In ll2n and ll22l we investigated the decay modes of 
Dsj{2860) and I3sj(2710) according to the various pos- 
sible assignments with the aim of discriminating among 
them. The results are collected in Table [51 where we re- 
port the ratios 



Ri 
R2 



T{Dsj ^ D*K) 



> DK) 



T{Ds., ^ DK) 



(7) 



(with D'^*^K = D^*^+Ks + D^*^°K+) obtained for 
various quantum number assignments to L)sj(2860) and 
1)3,7(2710) on the basis of eqs. ^ and (|6]l. Also the decay 
to D*rj is allowed, but it is suppressed due to the limited 
phase space available. The ratios do not depend on the cou- 
pling constants, but only on the quantum numbers. We first 
discuss the entries in Table[3]which concern Z3s,/(2860). 

The case = | , = 1~, n = 1 can be ex- 
cluded since, using the relevant term in (|6]l and fc' ~ /i' ~ 
0.45 ± 0.05 (as the h' was determined in |231), would give 
r{Dsj DK) ~ 1.5 GeV, a result incompatible with the 
measured width. 

In the assignment — ^ , — 0+, n — 2 the decay 
to D*K is forbidden. However, if Z3s,/(2860) is a scalar ra- 
dial excitation, it should have a spin partner with = 1+ 
(s^ = n — 2) decaying to D*K with a small width, 
a rather easy signal to detect. For n = 1 both Dsj (2317) 
and Dsj(2460) are produced in charm continuum at e+e^ 
factories. To explain the absence of the D*K in charm 



continuum events at mass around 2860 MeV, one should 
invoke some mechanism favoring the production of the 0"*" 
n = 2 state and inhibiting the production of 1+ n = 2 
state, a mechanism which discriminates the first radial ex- 
citation from the low lying state n = 1. Such a mechanism 
is difficult to imagine {2^\. 

Among the remaining possibilities, the assignment = 



I , = 3^, n = \ seems the most likely one. In 
fact, in this case the small DK width is due to the sup- 
pression related to the kaon momentum factor: T{Ds,j — > 
DK) cx q^. The spin partner would be Z?*2, the 51^ = 1 , 
= 2^ state, which can decay to D*K and not to DK. 
It would also be narrow but only in the itiq 00 limit, 
where the transition D*2 D*K occurs in /-wave. As 
an effect of 1/ toq corrections this decay can occur in p- 
wave, so that D*2 could be broader; therefore, it is not 
necessary to invoke a mechanism inhibiting the produc- 
tion of this state with respect to = 3". If £>s,/(2860) 
has = 3~, it is not expected to be produced in non 
leptonic B decays such as _B ^ DDsj{2860): the non 
leptonic amplitude in the factorization approximation van- 
ishes since the vacuum matrix element of the weak V — A 
current with a spin three particle is zero. Therefore, the 
quantum number assignment can be confirmed by studies 
of Dsj production in B transitions. Actually, in the Dalitz 
plot analysis of B+ D^D°K+ Belle Collaboration [ 17] 
has found no signal of _Dsj(2860). 

The conclusion is that Z?sj(2860) is likely a = 3~ 
state, a predicted high mass and relatively narrow cs state 
1251 . Its non-strange partner Z?3, if the mass splitting 
-^^Ds 7(2860) ~ Mo.^ is of the order of the strange quark 
mass, is also expected to be narrow: y{D^ Z?°7r+) ~ 
37 MeV. It can be produced in semileptonic as well as 



D^l vi and 



in non leptonic B decays, such as B^ 
B^ — > D^TT^ [25 1: its observation could be used to assign 
the proper quantum numbers to the resonance Z?s,/(2860) 
found by BaBar Before considering the D*K mode, let us 
look at Dsj{2710). As Table |3]shows, Ri is very different 
if J (2710) is D*' or D*^: the D*K mode is the main 
signal to be investigated in order to distinguish between the 
two possible assignments. From the computed widths, as- 
suming that r(_Dsj(2710)) is saturated by modes with a 
heavy meson and a light pseudoscalar meson in the final 
state, we can determine the couplings g and k' governing 
the decays in the two cases. Identifying _Ds,7(2710) with 
D*' we obtain: 

g = 0.26 ±0.05, (8) 
while if i:»3j(2710) is D*^ we get 



k' ^ 0.14 ±0.03 



(9) 



These values are similar to those obtained for analogous 
couplings appearing in the effective heavy quark chiral La- 
grangians iTTi [141 . 

The results for g and k' can provide information about 
the spin partner of Dsj(2710), i.e. the state belonging to 
the same sf doublet from which Z?sj(2710) differs only 



for the total spin. The partner of D*J {sf = 5 ) has 
= 0^; it is denoted D'^, the first radial excitation of 
Ds, while the partner of D^i (sf = | ) is the state D*2 
with = 2~. In both cases, the decay modes to D*'^K^ , 
D*~^ Kg^j^y D*ri, are permitted. In the heavy quark limit, 
these partners are degenerate. Using the obtained values 
for g and k', we get: 



r{D'J = (70 ± 30) MeV , 



and 



(12 ± 5) MeV 



(10) 



(11) 



so that in the two assignments the spin partners differ for 
their total width. 

Along the same lines, one can study the charmed mesons 
with the same quantum numbers as Dsj{2700), but with a 
different light quark flavour These states are a charged 
charmed meson and a neutral one, denoted as D'^ and 
D'j, respectively. They have not been observed yet, so 
that their masses are unknown. We assume such masses 
to be 2600 ± 50 MeV by the reasonable assumptioncrite- 
rion that Z^sj (2700) is heavier by an amount of the size of 
the strange quark mass. 

Allowed decay modes for L>+ (2600) are: Dj D°7t+, 
D+tt", Dskl^^y D+T], and Dj D*°tt+, D*+tt°, 
D*+7], while for D° fliey ai-e: Dj D+tt", D°Tr°, 
DsK^, D°ri and Dj D*°Tr°, D*+tt-, D*°t]; the cor- 
responding widths depend on the possible identification of 



1 



Dj . The states having sg = - are denoted as 
and are radial excitations, while the states having ^1^2 



are denoted as D 



■HO) 



Using the effective coupling constants g and k' in (O, 
we obtain: 

r(i:)*'+(°)) = (128±61) MeV (12) 
pp*+(o)^ = (85 ± 46) MeV (13) 

so that the cq partners have widths which are different in 
the case of the two assignments. The mesons are not very 
broad, hence it should be possible to observe them. 

We conclude this discussion mentioning that a new ex- 
perimental analysis of DK and D*K final states has been 
performed by BaBar Collaboration ll26l . 

As it emerged above, the D*K mode plays an im- 
portant role in this context. BaBar has observed both 
Dsj(2710) and Dsj(2860) decaying to DK and D*K 
final states, hence the states should have natural parity 
= 1~, 2+, 3~,.... The assignment = 0"^ for 
£>sj(2860) is excluded. More information comes from the 
measurement of the ratios ||26| : 



BRiD,j{2710) D*K) 



BR{Dsj (2710) DK) 
BR{D,j{2860) ^ D*K) _ ^ 
BR{Dsj{2860) -> DK) 



0.91 ±0.13,tat± 0.12 



Stat ^ 'J-'^^syst 



0-15stat i 0.19sy<,t 



Comparing these data with the predictions in Table [3] one 
concludes that 

• (2710) is most likely D*', i.e. the first radial ex- 
citation of i:>*(2112); 

• the ratio involving Dgj (2860) decays differs from the 
prediction at the level of three standard deviations. 
The identification of this state still requires further the- 
oretical and experimental study both aiming at esti- 
mating the accuracy of the predictions in table [3] and 
of the experiments ll27l . 

The last remark concerns the BaBar observation of an- 
other cs broad structure, with [26|: 

M = 30U±8stat{jf)syst MeV 

r = 239±35,tat(l42).y.t MeV . 

Studies of angular distributions for this state have not 
been attempted at present, due to the limited statistics. The 
theoretical analysis of this state will be reported elsewhere. 

Symmetry breaking terms 

Heavy quark symmetries, holding in the infinite heavy 
quark mass limit, are broken by terms which are suppressed 
by increasing powers of mg^ 1281 . Mass degeneracy be- 
tween the members of the meson doublets is broken by the 
terms: 



1 



/niQ 



2mc 



+ATTr[T,V^-r,V^.]} (14) 

where the constants , A5 and At are related to the hy- 
perfine mass splittings: 



(15) 



Other two effects related to spin symmetry-breaking 
terms concern the possibility that the members of the sg = 
I doublet can decay in S wave into the lowest lying heavy 
mesons and pseudoscalars, and that a mixing may be in- 
duced between the two 1+ states belonging to the two pos- 
itive parity doublets with different sg. The corresponding 
terms in the effective Lagrangian are: 
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(iDa^Ae + iDgAa)ba] + h.c. (16) 

TriSaa^-'T^aa.o.v''] + h.c. (17) 



Notice that Cdi describes both S and D wave decays. The 
mixing angle between the two 1+ states: 
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(18) 
(19) 



can be related to the coupling constant bi and to the mass 
splitting: 

tan 61 = -i (20) 



where 5 ~ 



= - 



2 bi 



and the mass 
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parameters A5 and At which represent the mass split- 
tings between positive and negative parity doublets. They 
can be expressed in terms of the spin-averaged masses: 
As = Ms - 'Mh and At = JIt ~ Mh with 



Mh = 

Ms = 
Mt = 





Mp 
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3Mp^ + 


Mp' 
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3Mp, 



(21) 



The parameters in the various terms of the effective La- 
grangian are universal and their determination is impor- 
tant in the definition of the effective theory and in the ap- 
plications to the hadron phenomenology. Data recently 
collected on charmed and charmed-strange mesons, to- 
gether with information on previously known positive par- 
ity charmed states, allow us to determine some of them. 
We identify Dsj(2S17) and D,5j(2460) with the members 
of the Ji^(0+, l+)i/2 doublet and, using with the masses 
of the other charmed states reported in the PDG 1 3 1, we ob- 
tain the values of Xh, As and At reported in Table l4l [231 . 



Table 4: Ai parameters obtained using data in PDG IS). 
The spin-averaged masses for the various doublets and the 
mass splittings As and At are also reported. 





cq 


cs 


As 
At 


(261.1 ±0.7 MeV)^ 
(265 ± 57 MeV)2 
(259 ± 10 MeV)2 


(270.8 ±0.8 MeV)^ 
(291 ± 2 MeV)2 
(266 ± 6 MeV)2 


Mh 


1974.8 ± 0.4 MeV 


2076.1 ±0.5 MeV 


Ms 


2397 ± 28 MeV 


2424 ± 1 MeV 


Mt 


2445.1 ± 1.4 MeV 


2558 ± 1 MeV 


As 


422 ± 28 MeV 


348 ± 1 MeV 


At 


470.3 ± 1.5 MeV 


482 ± 1 MeV 



In the above determinations we have neglected the mix- 
ing angle between the two l"*" states Di and D[. Consider- 
ing, instead, the result 6*^ = -0.10±0.03±0.02±0.02 rad 



(291 and using At and A5 in Table|4]together with eq. ( |20] | 
and nic — 1.35 GeV, we can compute the coupling hi in 
(El): 



hi = 0.008 ± 0.006 GeV^ 



(22) 



therefore compatible with zero. 

To determine the couplings h' and / in eqs. (l6b-(fT6b we 
consider the widths of the two members of the cq sf = |^ 
doublet, Di and D2 together with recent results from Belle 
Collaboration |29|: 



45.6 ±4.4 ±6.5 ±1.6 MeV 

23.7 ± 2.7 ± 0.2 ± 4.0 MeV . (23) 



In the plane {h', /) four regions are allowed by data which, 
due to symmetry {h' , f) (— /i', — /), reduce to the two 
inequivalent regions depicted in fig. |3] 

A further constraint is the Belle measurement of the 
helicity angle distribution in the decay Dsi{2536) 
D*^K9., with the determination of the ratio 



R = 



(24) 



Ts^d being the s and d wave partial widths, respectively 
idUl : 0.277 < R < 0.955 (a measurement of the ratio R 
versus the phase difference between s and d was obtained 
by CLEO Collaboration for non-strange mesons |31 1). Al- 
though the range of R is wide, it allows to exclude the re- 
gion B in figlU leaving only the region A that can be rep- 
resented as 



h' = 0.45 ±0.05 



/ = 0.044 ±0.044 GeV . (25) 



The coupling constant / is compatible with zero, hence the 
contribution of the lagrangian term ( fT6] l is small. Since also 
the coupling bi turns out to be small, the two 1+ states cor- 
responding to the sf = 5 ' 1^ practically coincide with 
the physical states. For the width of Dsi{2536) we predict 



r{D,i{2536)) = 2.5 ± 1.6 MeV 



(26) 



compatible with the present bound: r(Z)si(2536)) < 2.3 
MeV 0. 

Conclusions 

Our knowledge of charm spectroscopy has greatly im- 
proved in recent years, but there are results which challenge 
our understanding of some aspects of Quantum Chromody- 
namics. The question whether the many newly observed 
states are conventional or exotic ones has been put for- 
ward in several cases, stimulating numerous investigations. 
We have discussed the most recently observed cs mesons, 
adopting a classification in terms of doublets provided in 
the heavy quark limit. 

Our conclusion is represented by table |5] where we 
propose identification of the states discussed above. In 
the table, Dsj{2Sl7) and Dsj{2-i60) are identified as the 



Table 5: cs states organized according to and J^. The mass of known mesons is indicated. States in bold face have 
been placed in the table according to the interpretation supported in this paper. 
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Figure 3: Regions in the (/i', /) plane constrained by the 
widths of and Only the region A is also compati- 
ble with the constraints on the parameter R in eq.(l24ll. 

two members of the jj^ = (0^,l^)i/2 doublet. As for 
the other two states, it is likely that the interpretation of 
Dsj (2710) as the first radial excitation of D* is correct. 
The identification of Dsj(2860) is still under debate. 
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